Oxidatively modified proteins that accumulate in aging and many diseases can form large aggregates due to covalent cross-linking or increased surface hydrophobicity. Unless repaired or removed from cells, these oxidized proteins are often toxic, and threaten cell viability. Most oxidatively damaged proteins appear to undergo selective proteolysis, primarily by the proteasome.
INTRODUCTION
Accumulation of oxidatively damaged proteins is a characteristic feature of aging cells and a number of age-related pathologies (1) (2) (3) . In young, healthy, cells moderately oxidized soluble proteins are selectively recognized and rapidly degraded by the proteasome (4) (5) (6) (7) (8) . We have previously demonstrated that exposure of mammalian cells in culture to moderate oxidative stress significantly increases the degradation of intracellular proteins (5, 9) . Proteasome immunoprecipitation, treatment of cells with antisense oligonucleotides to essential proteasome subunits, and proteasome inhibitor profiles (4, 5, 9) all confirm that proteasome is primarily responsible for the degradation of oxidized proteins in mammalian cells. The 20S proteasome constitutes the catalytic core, while the 26S proteasome is formed by addition of two 19S regulators, which have subunits for ATP hydrolysis and polyubiquitin recognition (10) (11) (12) . We have extensive evidence that purified 20S proteasome preferentially degrades oxidized proteins in vitro in an ATPand ubiquitin-independent manner (4, 5, 9, 13, 14) , however it has not been clear if proteasome can degrade oxidized proteins without ubiquitin and ATP in vivo.
The 20S proteasome now appears to be the predominant proteasome species in cells (15) .
Furthermore, a number of proteins have now been shown to undergo ubiquitin-independent degradation by the 26S proteasome (16) (17) (18) (19) . Our studies on comparative resistance of the 20S and 26S forms of the proteasome in response to hydrogen peroxide treatment show that the 26S proteasome is much more susceptible to oxidative stress than is the 20S form (20, 21) , suggesting that it is probably the 20S proteasome which is responsible for the degradation of oxidized proteins when cells are exposed to oxidative stress.
The current study was undertaken to determine if ubiquitin conjugation is essential for degradation of oxidized proteins by the proteasome in intact cells. For this we utilized the Chinese hamster lung fibroblast cell line, CH E36 and a cell cycle mutant derived from this line, ts20, which by guest on January 1, 2018 http://www.jbc.org/ Downloaded from harbors a thermolabile ubiquitin activating 'E1' enzyme (22) (23) (24) . These cell lines have been previously used to study the role of ubiquitin conjugation in various processes (24) (25) (26) . We also tested ubquitin conjugation of progressively oxidized substrates, to determine if oxidation actually increases the tendency of a protein to be ubiquitinylated.
EXPERIMENTAL PROCEDURES
Cell Culture: CH E36 and clone ts20 cells were a kind gift from Dr. Alan L. Schwartz, Washington University in St. Louis, Missouri. The parental cell line E36 is a hypoxanthine guanosine phosphoribosyl transferase-negative mutant (HGPRT -) derived from the Chinese hamster lung fibroblast cell line V-79 (22) . Clone ts20 is a cell cycle mutant derived from E36 cells by ethyl methane sulfonate mutagenesis (23) , that contains a thermolabile ubiquitin-activating E1 enzyme (24) . Both, E36 cells (wild-type for E1) and E1 mutant ts20 cells were grown as monolayers at 30. 5 o C on Minimal Essential Medium-alpha (Gibco, BRL) supplemented with 10% fetal bovine serum and 4.5 grams/liter glucose under 5% CO 2 . Flasks of both E36 and ts20 cells were shifted to the restrictive temperature, 39.5 o C, for a minimum of 2 hours to inactivate E1.
Preparation of Cell Extracts: Cells were washed twice in Phosphate buffered saline, bathed in cold
Phosphate-buffered saline containing 1mM EDTA and scraped with a rubber policeman. About 10 7 cells were resuspended in 300µL of 1mM dithiothreitol and incubated at 4 o C for 1 hour, with vigorous shaking for hypotonic lysis. The crude extracts were centrifuged at 13,000 x g in an Eppendorf centrifuge for 15 min at 4 o C, supernatants were collected and stored at -70 o C until used.
Protein content was determined using the BCA assay (Pierce) or the DC assay (Bio-Rad).
SDS-PAGE and Immunoblotting:
Total soluble cell protein was separated according to Laemmli (27) by SDS-PAGE using a mini-PROTEAN II electrophoresis cell (Bio-Rad degradation of Ub-conjugates) as well as 1 µM ubiquitin-aldehyde (to inhibit de-ubiquitinating enzymes). The reaction was initiated by adding 10 µg of oxidized or heat-denatured ferritin. For ubiquitin conjugation of lysozyme, the assay was similar except that the widely used creatine phosphate (10mM) / creatine phosphokinase (100 µg /mL) system was used for ATP regeneration.
In some rections, ATP depleted lysates were produced by incubation with 10mM 2-deoxyglucose and 0.5 units hexokinase. After 20 mins at 30 o C, the reaction was stopped by addition of SDS-PAGE loading buffer and an aliquot of the mixture was loaded on 12.5% polyacrylamide gels after boiling. After transfer, the blots were probed with antibodies to the substrate proteins ferritin (Roche) or lysozyme (chemicon).
Degradation of Ferritin and Lysozyme:
Degradation of ferritin by purified 20S proteasome was monitored by measuring acid-soluble free amines using fluorescamine, as described (8, 29) . To determine the role of ATP, degradation of oxidized [ 3 H] Ferritin by cell lysates (60ul; 2.5mg/ml) was measured both in the presence and in the absence of 10mM ATP. Percent degradation was calculated by measuring acid-soluble radioactivity as described previously (14, 29) . Lysozyme was labled with [ 3 H] by reductive methylation (33) and percent degradation was measured by formation of acid-soluble counts, as described (14, 29) .
RESULTS

E1 Inactivation Results in Decreased Ubiquitinylation and Decreased Basal Proteolysis of
Short-lived Proteins
Incubation of temperature-sensitive ts20 cells for 2 hours at the restrictive temperature We next ensured that the thermolability of ubiquitin-dependent proteolysis was solely due to a defect in ubiquitin conjugation and not inactivation of the 26S proteasome at the restrictive temperature. For this we tested the degradation of pre-formed lysozyme-ubiquitin conjugates by extracts of ts20 cells incubated at the restrictive temperature. Ubiquitin conjugates of heat-denatured lysozyme were incubated with buffer alone (Lane 1 in Fig. 1D , and Lane 1 in the inset) or with E1-inactivated ts20 extracts (Lane 2 in Fig. 1D , and Lane 2 in the inset). After separation of the reaction mixtures by SDS-PAGE and transfer, the membranes were probed with an anti-lysozyme antibody and the resulting chemiluminescence was quantified using NIH Image software. Besides disappearance of individual high molecular weight Lysozyme-Ub conjugates, densitometric quantification revealed a 60% loss of total lysozyme after incubation with ts20 lysates. Thus, ts20 cells incubated at the restrictive temperature for 3 hrs, were capable of degrading lysozymeubiquitin conjugates, confirming that the 26S proteasome was not affected in these cells. Similar results were obtained using extracts of wild type CH E36 cell lysates (data not shown).
Growth Properties, H 2 O 2 Toxicity and Proteasome Activity Profiles
Before testing a possible ubiquitin involvement in the degradation of oxidized proteins, we first compared growth properties at 30.5 o C ( Fig. 2A) Since most proteolysis experiments were performed at 39.5 o C, we measured the activity of the 20S core proteasome in both cell lines, at both temperatures, to determine whether the proteasome was inactivated at the restrictive temperature. As seen in figure 2F , the proteasome was not inactivated at the restrictive temperature and loss of proteasome-dependent proteolysis may, therefore, be attributed to defects in ubiquitin conjugation.
E1 Mutants Degrade Oxidized Proteins Despite Compromised Ubiquitinylation
To test whether ubiquitin-conjugation is necessary for the degradation of oxidized proteins, we studied the turnover of short-lived and long-lived proteins after treatment with hydrogen peroxide in ts20 cells with compromised ubiquitin-conjugating activity. CH E36 and ts20 cells were metabolically labeled for 2 hours ( Since a number of short-lived regulatory proteins are known to be degraded by the ubiquitinproteasome pathway (35, 40) , the total turnover of short-lived proteins was considerably lower in ts20 cells, as expected. However, the relative increase in degradation due to oxidation was comparable for both cell lines, indicating that the pool of oxidized proteins can still be eliminated in ts20 cells. The degradation of long-lived proteins (Fig. 3B ) also showed a similar oxidation-induced increase in both CH E36 and E1 mutant ts20 cells as seen previously for other cell types. In fact, it may be noted that the absolute increase in proteolysis due to H 2 O 2 is actually higher in the ts20 E1 mutant cells than in the parent CH E36 cells (Fig. 3B) . In earlier studies we reported that moderate oxidation of proteins rapidly increases their degradation, whereas severe oxidation causes a gradual decline in intracellular proteolysis (4, 5, 9, 29) . The E1 mutant ts20 cells exhibited exactly this pattern of response to hydrogen peroxide concentration (Fig. 3C) , indicating that the E1 mutant ts20 cells utilize the same pathway for degradation of oxidized proteins described previously (4,5,9).
The Proteasome is Largely Responsible for the Degradation of Oxidized Proteins in ts20 Cells
To determine whether the proteasome is still responsible for oxidation-induced protein degradation in ts20 cells with compromised ubiquitin conjugating activity, we examined the effects of proteasome inhibitors. The selective proteasome inhibitor NLVS (5µM) strongly inhibited the increase in degradation due to oxidation in both CH E36 control cells and E1 mutant ts20 cells, indicating that the proteasome was still largely responsible for the degradation of oxidized proteins even without the synthesis of ubiquitin conjugates (Fig. 4) . Similar results were also obtained with another well-known proteasome inhibitor, lactacystin (not shown).
E1-mutant ts20 Cells can Eliminate Carbonyl-Containing Proteins Without Ubiquitin
Conjugation
Since the above experiments measured overall proteolysis, we next studied protein carbonyls to address the turnover of oxidized proteins. by purified 20S proteasome in the absence of ATP (Fig. 6C) Based on our results, as well as new evidence in the literature (21,41) we speculated that this degradation of oxidized proteins is most likely conducted by the 20S proteasome or the immunoproteasome. Since the 26S proteasome requires ATP hydrolysis, we tested the effect of ATP on degradation of oxidized ferritin by both CH E36 and E1 mutant ts20 cell lysates ( Fig 6D) .
As seen in Fig. 6D , ATP did not enhance the degradation of oxidized ferritin by either the wild type, CH E36 cell lysates or E1 mutant ts20 cell lysates, thus excluding any energy requirement for the degradation of oxidized protein substrates.
Progressive Oxidation of Lysozyme does not Promote its Ubiquitinylation in vitro and
Oxidized Lysozyme is Still Preferentially Degraded by Lysates of ts20 Cells.
A similar ubiquitin conjugation assay was performed with the widely used proteasome substrate, lysozyme. As seen in figure 7A , heat-denatured lysozyme showed a large increase in ubiqutin conjugates as seen by the dark smear (lane 12) as compared to native lysozyme (lanes1,2). Neither heat-denatured lysozyme by itself (lane 11), nor heat-denatured lysozyme when incubated with an ATP-depleted extract (lane13), nor a ts20 extract incubated at 39.5 o C with inactive E1 (lane 14)
showed a similar increase in high-molecular weight lysozyme-ubiquitin conjugates ruling out nonspecific ubiquitinylation. Progressive oxidation of lysozyme (lanes 3-10), however, did not increase its tendency to be ubiquitinylated (as also seen for ferritin in Fig.6A ), further confirming that ubiquitin conjugation may not be involved in targeting oxidized proteins to the proteasome. was monitored as described previously (13, 29, 42) . The E1 mutant ts20 cells degraded lysozyme as well as the wild type CH E36 cells, confirming that even in wild type cells, ubiquitin-conjugation is not required for the degradation of oxidized proteins (Fig. 7C) . Interestingly, the wild type cells degraded heat-denatured lysozyme much more efficiently than did the ts20 mutants (Fig. 7D ).
Since heat denatured lysozyme is degraded by the ubiquitin 26S proteasome system this experiment clearly shows that oxidized proteins must be degraded by another proteasome pathway.
DISCUSSION
We have shown that E1-mutant ts20 cells can eliminate oxidized proteins despite their lack of ubiquitin conjugating activity, and that this degradation is still catalyzed by the multi-catalytic proteinase complex, proteasome. The proteasome exists in multiple forms including free 20S, 26S, Immunoproteasome, and hybrid proteasomes (10, 11, 15) . The 26S proteasome requires ATP hydrolysis and mostly degrades ubiquitin-conjugated proteins (10) (11) (12) , with a few known exceptions damaged or denatured and, therefore, have to be tagged with an external hydrophobic patch in the form of a polyubiquitin chain. ATP hydrolysis is required for unfolding such substrates so that they can enter the catalytic core of the proteasome (43) . Oxidative damage to a protein, however, directly results in partial unfolding and exposure of otherwise buried hydrophobic residues (48-51).
Therefore, an oxidized protein does not need to be further modified by ubiquitin-conjugation to confer a hydrophobic patch, nor does it require energy from ATP hydrolysis as it is already unfolded. We (14, 42, 52) and others (53, 54) have shown that the 20S proteasome has a distinct preference for hydrophobic and bulky (aromatic) residues. We therefore suggest that the 20S proteasome selectively recognizes oxidatively modified, partially denatured proteins because of their exposed hydrophobic moieties.
Contrary to earlier belief that the 26S proteasome is the major intracellular proteasome species, recent literature on proteasome stoichiometry suggests that there is a significant excess of free (and enzymatically active) 20S proteasome form (15, (55) (56) (57) in mammalian cells. Several examples of ubiquitin-independent degradation of proteins by the proteasome have now been reported (16) (17) (18) (19) 44, 58) . We have demonstrated that the 20S proteasome is resistant to oxidative stress, whereas the 26S proteasome is quite susceptible. Taylor and co-authors have shown that activity of ubiquitin activating and conjugating enzymes (E1 and E2s) is reversibly depressed during oxidative stress, possibly due to glutathiolation of the active-site cysteine residues in both E1
and the family of E2 enzymes (41, 59, 60) . Since both the 26S proteasome and the ubiquitin conjugation system are inhibited/inactivated by oxidative stress, it is unlikely that the ubiquitin-26S
proteasome pathway is involved in the degradation of oxidized proteins in cells undergoing oxidative stress.
Our studies on ubiquitin conjugation of oxidized substrates in vitro show that progressive oxidation of a protein does not increase its propensity to be ubiquitinylated (Figs. 6 and 7) . Conjugation of the poly-ubiquitin chain occurs via internal lysine residues of the substrate protein and progressive oxidation of a protein actually modifies an increasing number of lysine residues as seen by formation of the oxidation product, 2-aminoadipic semialdehyde. Despite the lack of ubiquitinylation, and loss of lysine residues, oxidized proteins such as ferritin and lysozyme are still preferentially degraded in wild-type cells and E1 mutant ts20 cells, and by purified 20S proteasome.
Besides, addition of ATP did not enhance the degradation of oxidized proteins either by wild type CH E36 or E1 mutant ts20 lysates, suggesting that the 26S proteasome, which requires ATP hydrolysis, may not be involved in oxidized protein degradation. Our current data, especially when combined with previous reports by us (4, 5, 8, 9, 13, 14, 20, 21, 29, 31, 39, 42, 52) , and others (41, 59, 60) , appear to rule out any significant involvement of the ubiquitin-26S proteasome system in the degradation of oxidatively modified proteins. Both this study and previous reports, however, clearly demonstrate that some form of the proteasome is essential for selective intracellular clearance of oxidized proteins.
Careful quantification has now revealed that the free 20S proteasome is the predominant form of the enzyme in mammalian cells (15, 55, 57) . In vitro studies by our group have repeatedly shown that the free 20S proteasome efficiently and aggressively degrades a wide variety of oxidized proteins (4, 5, 9, 13, 14, 29, 31, 39, 42, 52) and our preliminary studies indicate that the immunoproteasome can also degrade oxidized proteins (data not shown). Although our data does not conclusively rule out involvement of the 26S proteasome in the degradation of oxidized proteins, it now appears to be less likely, since our results reveal that oxidized proteins are degraded with no requirement for either ATP hydrolysis or ubiquitin conjugation. It will now be important to directly test this hypothesis in intact cells, and to determine the relative contributions of the free 20S
proteasome and the immunoproteasome to the degradation of oxidized proteins. Proteolysis was measured exactly as described in figure 3A , except that the cells were treated either with 5µM NLVS or DMSO vehicle alone. DMSO or NLVS was added 2 hours prior to treatment with peroxide, and remained in the final incubation medium. All data points are means ± SE's of at least three independent experiments. Ub. 
